Introduction 49
The biologging revolution, with the use of small, lightweight devices to record spatial 50 and physiological parameters of animals, has increased our understanding of the natural 51 world (Kays et al. 2015; Hussey et al. 2015) . It has transformed the study of migration 52 (Milner-Gulland, Fryxell & Sinclair 2011), and has provided remarkable insights into 53 foraging (Bodey et al. 2014 ; Adachi et al. 2016 ) and physiology (Bishop et al. 2015 ; 54 Watanabe et al. 2015) , generating a new understanding of these processes in many 55 animal species. Increasingly, biologging devices carried by animals are being used as 56 monitoring tools, providing insights into abiotic environmental processes, ecosystem 57 function and human activities (Kays et al. 2015) . 58
While there is a natural temptation to exploit this technology in order to reveal 59 hidden processes and gain deeper insights, there are important questions surrounding 60 the ethics of obtaining such data, and the reliability of estimates derived from it. An 61 overly instrumented animal may behave in atypical ways, for example through reduced 62 movement, excessive comfort behaviours and, in the most extreme cases, death 63 (Thaxter et al. 2016) . This is of particular relevance as new more sophisticated devices 64 become available that are extremely attractive due to an increase in quantity/quality of 65 data recorded and thus the questions that can be addressed (Kays et al. 2015; Hussey et 66 al. 2015) . Obtaining accurate and 'typical' data is key to all scientific enquiry and there 67 is a long-standing concern with instrumenting animals and the effects this may have 68 Sergio et al. 2015) . Such concerns often play a critical 72 role in the choice of biologging device and the attachment type a particular study willand more powerful meta-analytical techniques develop (Hadfield & Nakagawa 2010) . 99
In addition the available technology is continually changing and, in particular, 100 miniaturizing, resulting in an increasing range of positional and physiological devices 101 being deployed across an expanding range of species (Fig S1) . There is, therefore, an 102 urgent need for a more complete assessment of the effects of biologging devices in 103 order to provide researchers with the best information and guidance. Moreover, 104 previous studies have focused on limited sets of traits or tag types, or combined data 105 from wild and captive organisms operating under very different constraints, and none 106 have controlled for phylogeny. 107
Here we provide the first phylogenetically controlled meta-analysis of the 108 principle biologging devices (listed in methods) and the extent of their impacts on birds 109 for a suite of key traits: survival, reproduction, body mass, parental care and foraging 110 behaviour. We use meta-regression techniques (Nakagawa & Santos 2012) to explore 111 how factors such as device mass, attachment method or position moderate the effect of 112 tagging. We also employ a multivariate procedure to examine whether the effects of 113 tagging are correlated between traits across species, providing a more complete 114 assessment of potential cumulative impacts. Together this enables us to highlight the 115 (in)appropriateness of various attachment types for different species groups, 116 particularly if these are considered functionally in terms of flying style, migration 117 distance etc. rather than purely taxonomically. Lastly, we provide specific 118 recommendations as to the type of data that should be supplied with all publications 119 that employ biologgers in order that the effect of current, and new, technologies can be 120 thoroughly assessed through similar approaches. This will ensure that both animal 121
welfare and data quality standards are as high as possible, and that recommendations
Materials & Methods 124

Literature Search and Data Compilation 125
We searched the literature using Weiser et al. 2016) . We also performed a forward search to 136 include any studies citing these reviews. Unpublished datasets were not solicited to 137 reduce the risk of biasing effect size estimates (Jennions et al. 2013) . 138
Inclusion/ Exclusion criteria 139
Following the literature search, studies were retained based upon the following criteria: 140
(1) only studies conducted in the wild were included, with studies of captive or released 141 individuals excluded, (2) The sample size for the study must have ≥5 individuals, (3) 142 Data must be provided on both tagged and control birds; studies referencing earlier data 143 or other studies as a control were excluded. Control birds were not fitted with biologger 144 tags but were fitted with identification markers (e.g. colour rings) and are best 145 considered as procedural controls having been caught and handled, (4) A suitable effect 146 size estimate, or sufficient information for an effect size calculation must be provided.meta-analysis. Although our initial collation from search terms totaled over 13000 149 publications, deploying these criteria ultimately produced 451 effect sizes across 214 150 different studies. A detailed breakdown of our data search is provided in the appendix 151 (Fig S2) . 152
Data extraction 153
Effect sizes came from numerous sources: (1) 
Potential impacts on vital rates and other traits 164
In order to assess the impact of devices on birds, we categorized effect sizes based upon 165
the nature of the hypothesis tested and data available. The key traits we examined for 166 tagging effects were: Survival, Reproduction, Body Mass, Parental Care and Foraging 167 Behaviour (Table S1 ). We calculated separate effect sizes for each measure from every 168 independent population tested within a study (for totals see Table 1 and Fig. S2 ). Thus, 169 if tag effects were examined across two distinct populations in a given study, two 170 independent effect sizes were calculated. Similarly, if studies assessed tag effects on 171 independent samples of individuals over multiple years, separate effect sizes wereprovides more than on effect size we included study ID as a random effect, see below). 174
We also collected data on a number of potentially important moderator variables 175 including attachment location, flying style etc. to allow us to examine what factors 176 influence the effect of tagging (Table 2) . 177
Phylogenetic Meta-Analysis 178
All analyses were conducted in the R environment (R Development Core Team 2016) 179 using the R package MCMCglmm (Hadfield 2010) unless specified otherwise. We ran 180 
Multivariate meta-analysis 208
We performed a multivariate meta-analysis (Model C), using weighted species mean 209 effect sizes as the unit of analysis using the WinBUGS program (Lunn et al.
2001; 210
Cleasby & Nakagawa 2012). This allowed us to estimate whether the effects of tagging 211 on key traits are correlated across species. Due to the nature of reported data we often 212
encountered missing values whenever a species provided an effect size for one category 213 but not another. To account for this we used Bayesian data augmentation to prevent 214 bias when estimating correlations among effect size categories (for more details and 215
WinBUGs code see Appendix and Cleasby & Nakagawa 2012). 216
For all meta-analysis models we used parameter-expanded priors for the 217 random effects, running 3 MCMC chains for 500 000 iterations, with a thinning interval 218 of 25 after a burn-in of 100 000. Auto-correlation between posterior samples was <0.1 219 for all estimated parameters, and the Gelman-Rubin diagnostic was <1.2 for all 220 parameters, indicating chain convergence. Results are reported with 95% Bayesian 221 credible intervals (CRIs), and also more conservative 80% CRIs due to the importance 222 of avoiding negative impacts on study organisms.
Assessing publication bias 224
To test for possible publication bias, we ran Egger's regression test (Egger et al. 1997 ) 225 on the residuals from our meta-analysis models (Nakagawa & Santos 2012) . In 226 addition, we ran trim-and-fill analyses (Duval & Tweedie 2000) on model residuals to 227 identify and correct for potentially missing studies (more details in Appendix). 228
Results 229
Model A -Standard random effects meta-analysis 230
On average, tagging birds produced small but significant impacts on four of the five 231 key traits examined, with tagged birds suffering reductions in survival, reproductive 232 success and parental care (Table 1, Fig 1) , and with increases in foraging trip length 233 (Table 1) , compared with controls. There was no evidence of significant publication 234 bias in any of these analyses (Table S1 ). However, trim-and-fill methods suggested that 235 there were potential missing studies, and adjusting for these slightly increased the 236 negative effect of tagging across all traits (Table S1 , Fig 1) . There was no evidence 237 that tagging influenced the body mass of individuals, even after adjusting for potential 238 missing studies, and again no evidence of publication bias. 239
Across all five meta-analyses the random effects included explained little of the 240 variation in effect sizes, and there was no evidence of phylogenetic heritability in tag 241 effects (Table S2 ). There was some evidence of between-species variation in survival, 242
and between-study variation in body mass, although the variance component intervals 243 were quite wide (Table S2) . I 2 values indicate that there was high heterogeneity in 244 survival and reproduction effect sizes, but lower levels of heterogeneity in relation to 245 body mass, parental care and foraging trip length (Table S1) . 246
Model B -Meta-regression on key traits with moderator variables 247
Survival 248
Effect sizes varied across methods of tag attachment, with harness and tailmount 249 attachment associated with significant negative effects on survival at 95% CRI, while 250 leg band and poncho methods also produced negative effects at more conservative 80% 251 power. Reductions in survival when tags were placed on a bird's back or tail are 254 probably reflective of the negative effect of harnesses and tail-mounts. 255
Examination of flight type revealed that tagged birds with flapping flight 256 experienced reduced survival compared to other styles. Negative effects were also 257 greatest in species with long migration distances (Table S3) . Tagging was also 258 associated with lower survival in studies in which only one sex was tagged, but was not 259 associated with survival in studies in which only juveniles were instrumented (though 260 it should be noted the effect on juveniles was based on a sample size of 10). Neither 261 proportional tag mass (β = -0.0051; 95% CRI: -0.039 -0.031) or deployment duration 262 (β =0.017; 95% CRI: -0.006 -0.039) significantly influenced survival. However, when 263 categorizing proportional tag mass as above or below 1% of species' body mass, we 264 found a negative effect of tagging upon survival when tags were >1%, but no effect 265 when tags were <1% of body mass (Fig 2a) . The conditional R 2 (variance explained by 266 both fixed and random factors) of our survival meta-regression models was high 267 
Reproduction 270
The significant effects of tags on reproduction were largely limited to those associated 271 with tagging with neck collars (negative impacts of collars, neck as a tag position and 272 flapping flight at 95% CRI, Table S4 , Fig 2b) . Although, for certain tagging methods 273 our sample size was low, which may explain non-significant results in some instances. 274
As with survival, the effects of tagging on reproduction appeared more negative in birds 275 with flapping flight compared to other flight styles, with long-distance migrants also 276 negatively affected at the 80% CRI (Table S4) . Tags also had negative impacts on 277 reproduction when >1% of species' body mass (Fig 2b) . There was no evidence that 
Body Mass 282
None of the moderator variables assessed were significant at the 95% CRI (Table S5) . 283
However, 80% CRIs suggest a trend for collars and neck attachments (collars and 284 ponchos) to reduce body mass (Table S5 , although estimates were based on small 285 sample sizes). Similarly, at 80% CRIs, studies tagging only one sex showed greater 286 negative effects than those tagging both sexes. Neither deployment duration, 287
proportional or categorical tag mass produced significant effects (Table S5) 
Parental Care 290
Effect sizes for parental care were positively associated with tail-mount attachment 291 methods (Table S6) , although this result was based on a very small sample size (2 effect 292 sizes from 2 studies) so should be treated with caution. Otherwise, 80% CRIs revealed 293 parental care tended to decline when tags were fitted internally or via adhesive, and 294 when attached on the back (Table S6) . No other attachment methods were associated 295 with parental care effect sizes, and there was no evidence for an association with 296 proportional tag mass or deployment duration, although there was a tendency for tags 297 weighing >1% body mass to reduce parental care (Table S6) 
Foraging Trip Duration 300
Fitting tags to male birds significantly increased foraging trip durations (Table S7) . 301 (Table S7) 
Model C -Multivariate meta-analysis 307
Effect sizes estimated using a multivariate meta-analysis were similar to those 308 estimated via standard meta-analysis models (model A). Thus, results are qualitatively 309 unchanged whether analysed at the population or species level (Table S8 ). There was 310 a positive correlation between survival and reproduction effect sizes at the species level 311 (Fig 3) , indicating that when tagging negatively affects a species' survival rates, it is 312 also likely to reduce reproduction and vice versa. There was little evidence of 313 correlations between other effect size categories, although relatively small sample sizes 314 limit the precision of correlation estimates (Table S9) . 315
Discussion 316
Overall, phylogenetically corrected meta-analyses revealed that tagging birds had 317 small, but significant negative effects on a number of key traits. This was confirmed by 318 both standard and multivariate meta-analyses, with tagging associated with small 319 reductions in survival, reproductive success and parental care, and an increase in 320 foraging trip durations (Fig 1) . The only key trait unaffected by tagging was individual 321 body mass. Moderator variables that repeatedly influenced key trait effect sizes at both 322 95%, and more conservative 80%, CRIs were flying style, migration length and the 323 weight of tag relative to body mass. In addition, attachment methods and device 324 position were associated with effects on survival and reproduction. We found little 325 evidence for a phylogenetic signal, suggesting that these conclusions are not simply a 326 result of more closely-related species suffering similar impacts. There was also no 327 evidence found of publication bias, and accounting for likely missing studies led to a 328 slight strengthening of all effect sizes. 329
Standard meta-analysis models also identified a large degree of heterogeneity '5% rule', meaning that <5% of all studies located in our literature search, and <1% 350 retained for analysis, fitted devices even marginally above this threshold. However, 351
given that proportional tag weight had no effect when fitted as a continuous variable, also negatively associated with survival (95% CRI) and reproduction (80% CRI) of 367 species with longer migration distances. We did not find an effect of deployment 368 duration, which in part may be due to a lack of clarity in reporting (Box 1). 369
Nevertheless, these results suggest that particular caution and consideration be given to 370 the choice of biologging device and attachment type in such species, and again 371 highlights the tradeoff inherent in biologging studies. 372
Reduced survival of tagged birds was also related to specific attachment 373 methods and positions of the device. Both harness and tailmount attachments were 374 associated with negative effects on survival, and these results are also reflected in the 375 negative positional effects of devices on the back and tail, the natural position for these 376 attachment types. There was also a tendency towards reduced survival using ponchos 377
and leg bands at a more conservative 80% CRI. Tail-mounted and poncho-based effects 378
were based on small sample sizes and results should be treated with caution. However, 379 harness and leg mounted designs are the most commonly used attachment methods 380 (Tables S1, S2) , with robust effect size estimates. Indeed, the negative mean effect size 381 associated with harness attachments suggests that such a design may not always be 382 appropriate, particularly for flapping species, despite their current widespread use. In 383 contrast, declines in reproductive success were associated with collar attachments (and 384 thus necessarily neck position). Negative impacts of neck collars may be expected 385
given that basic identification collars can reduce survival (Weegman et al. 2016 ), and 386 demonstrate the need for caution when using such attachments. 387 effect sizes relating to survival and reproduction -such that if tagging produced 390 deleterious effects on survival, it was also likely to hinder reproduction (Fig 3) . 391
Consequently, the impact of tagging may be greater than apparent in most studies, 392 which typically focus on single responses. 393
The absence of any strong phylogenetic signal does suggest that, when tagging 394 a species for the first time, using techniques previously employed on similar species is 395 a practical approach (Sergio et al. 2015) . However, evidence of some species-level 396 variation in survival-based effect sizes after accounting for common ancestry signifies 397 that caution is still required. In addition, given the low marginal R 2 values reported for 398 each of meta-regression models it is clear that other important moderator variables 399 remain unidentified. These may relate to both biotic and abiotic effects including 400 climatic influences, differences between specific study environments, and ecological 401 differences at both inter-and intra-specific levels. For example, one could imagine that 402 in harsh environmental conditions the effects of tagging are greater than in benign 403
conditions. In addition, in many cases the exact age and previous life-history of tagged 404 and control birds is unknown. Consequently, we cannot exclude the role of such 405 unmeasured variables in contributing to heterogeneity in tagging effects between 406 studies, but are necessarily constrained by the variables reported in the original studies. 407
We found few associations between moderator variables and effect sizes 408 relating to body mass, parental care or foraging duration. Although Barron et al. (2010) effect sizes differed from 0 in our standard meta-analysis suggesting it is worthwhile 416 monitoring both to assess tagging impacts. In contrast, the lack of an effect on body 417 mass suggests that this may not be a particularly suitable measure for assessing the 418 impacts of tagging. 419
While we have identified that, on average, there is a negative association 420 between tagging and different life-history traits, given the numerous examples where 421 the benefits gained from biologging are substantial, it is reassuring that effect sizes are 422 generally small, allowing researchers to consider whether the likely negative impacts 423 to individuals may potentially be offset by these gains. For example, working with 424 declining or rare species may bring such ethical tradeoffs into particular consideration. 425
However, biologging has brought huge advances in conservation biology including 426 discovering unknown breeding locations (Rayner et al. 2015) and determining 427 interactions with anthropogenic influences (Bodey et al. 2014 ), all of which have the 428 potential to enhance environmental protection. Biologging has also improved our 429 understanding of disease transmission (Bengtsson et al. 2016) , nutrient transfer 430 (Hussey et al. 2015) and the physiological capabilities of animals (Bishop et al. 2015) . 431
Although we found limited effects of many moderator variables, our ability to 432 detect effects was often hindered by the small sample sizes (and hence low power) 433 involved when separating studies into categories. This also prevented us including 434 potentially interesting interactions between variables. A key finding is, therefore, that 435 the proportion of studies that provide the complete information necessary to assess the 436 impact of the devices used, either within the published manuscript or associated 437 appendices, remains small (just over one third). These omissions are easily remedied Was device mass >1% of species body mass? Initially, tag weights were split into three categories: A) Tags <1% of the species body mass, B) Tags between 1% -3% of species body mass, and C) Tags > 3% of species body mass. These values are common benchmarks cited in the tagging literature. However, we never found differences in the estimated effect size between categories B and C and so these were amalgamated into one category representing tags that were >1% of species body mass.
Length of Deployment
We Questions remain about how to accurately assess the impact of the increasing range of biologgers deployed on wild animals. Meta-analysis provides one means of synthesizing results across studies but also highlights certain shortcomings:
• It is critical to determine whether the return rates of tagged birds approximate those of untagged ones (Thaxter et al. 2016 ), yet this is infrequently reported.
• Relevant data can be only partially reported e.g. mean values without sd/SE, or results of AIC model selection with no indication of actual effect size.
• Deployment times are frequently difficult to determine, particularly when devices are attached for longer periods (months-years), and can be conflated with device failure time. This makes it difficult to ascertain any chronic impacts of tagging.
• Many biologging studies are observational rather than experimental, and may suffer from biases, particularly if devices need to be retrieved to collect data (Weiser et al. 2016 ). In addition, Authier et al. (2013) suggest that control individuals may not be comparable with tagged individuals as both may represent a non-random sample from the population and present a counterfactual study design to address this.
Consequently, we recommend all biologging studies should, at a minimum, provide clear information on:
(1) Study Species 
